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Angular and energy distributions of photofragments from Mg+–XCH3 X=F, Cl, Br, and I were
deduced from time-of-flight TOF profiles measured by rotating the polarization direction of the
dissociation laser with respect to ion beam direction. The TOF profiles of ICH3
+ and MgI+ fragment
ions produced from Mg+–ICH3 complex with 266 and 355 nm photons showed clear but opposite
recoil anisotropy to each other. In addition, BrCH3
+ formed by a dissociation of the Mg+–BrCH3
complex at a photolysis wavelength of 266 nm also showed an anisotropic distribution in the TOF
profile which had the same behavior as the profile of ICH3
+
. For Mg+–FCH3 complex, CH3
+ and
MgF+ formed with a 266 nm photon had also spatial anisotropy, in which the TOF profile of MgF+
was almost opposite to that of MgI+. These anisotropic distributions were explained by 1 local
excitation on the Mg+ ion, 2 rapid dissociation compared with a rotational period of the parent
complex, and 3 geometrical structures of the parent complexes. Anisotropy  parameter values
were determined to be +1.30ICH3
+, −0.50MgI+, +0.74BrCH3+, and +0.75CH3+ and MgF+. This
dependence on the halogen atom observed in  values was qualitatively explained by both the
geometrical parameters and classical rotational periods of parent complexes. In the product energy
distribution, 46%, 40%, 21%, 16%, and 16% of available energies were found to be transferred into
translational energies of ICH3
+
, MgI+, BrCH3
+
, CH3
+
, and MgF+, respectively. These values were
compared with energy distributions estimated by a statistical prior distribution and a nonstatistical
impulsive model. For ICH3
+ and MgI+, the translational energies determined from the measurement
had values between those estimated from statistical and nonstatistical models. On the other hand, the
energy partitioning for the product ions of BrCH3
+
, CH3
+
, and MgF+ was found to be almost
statistical. From these considerations, we concluded that nonstatistical processes were more
important in the dissociation of Mg+–ICH3 than in other systems. © 2006 American Institute of
Physics. DOI: 10.1063/1.2336435I. INTRODUCTION
Photodissociation dynamics has been an object of exten-
sive study over the past several decades.1,2 It is still widely
studied in relation to recent developments of imaging
techniques3 as well as those of lasers4 and molecular beam
methods.5 Information on product angular and energy distri-
butions has been obtained for various molecules in those
studies.2 A product energy distribution, which determines
partitioning of the available energy between translational, vi-
brational, and rotational motions, unveils the details of the
excess energy flow between intramolecular degrees of free-
dom after excitation. By contrast, an angular distribution of
photofragments has a close relationship with the molecular
geometry, character of transition, and also with the recoiling
mechanism of fragments.6–8 These distributions are, of
course, related to each other; for example, highly anisotropic
angular distribution and nonstatistical energy partitioning
would be expected in rapid dissociation processes, whereas
isotropic angular distribution and statistical energy distribu-
tion would be obtained in the dissociation with a long-lived
intermediate.
aElectronic mail: misaizu@qpcrkk.chem.tohoku.ac.jp
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Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject toIn gas phase cluster studies, photodissociation has been
mainly applied for the purpose of the investigation of elec-
tronic and geometrical structures of the target clusters. Pho-
todissociation of clusters containing alkaline-earth metal
monocation M+ ,M =Mg, Ca, and Sr and several mol-
ecules L, M+Ln, has been especially investigated by laser
spectroscopy in UV and visible regions as well as theoretical
calculations because of the strong atomic transition in UV-
visible region due to simple electronic configuration of the
metal ion.9–15 Desorption of some molecules mL to form
M+Ln−m is a dominant process in the photodissociation of
such cluster ions.9 However, charge transfer CT reaction
between a metal ion and a molecule was also reported in
some systems by identifying photofragment ions.13,16,17 In
particular, the CH3
+ fragment ion produced by both intraclus-
ter reaction and CT was reported to be predominantly ob-
served in the photodissociation of Mg+–FCH3, in which
simple desorption of methyl fluoride to produce Mg+ was
hardly observed.13 Recently, we reported photodissociation
spectroscopy of Mg+–ICH3, where several fragmentation
processes including CT and/or chemical bond rupture were
found to proceed via excited states.18 The extended study on
+the structures and dissociation pathways of Mg –XCH3 X
© 2006 American Institute of Physics10-1
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Furthermore, angular distributions of fragment ions produced
by photodissociation of Mg+–ICH3 complex have been dis-
cussed based on the results from the measurements of time-
of-flight TOF profiles of fragment ions depending on the
polarization direction of the electric vector of dissociation
laser.20 We observed spatial recoil anisotropy depending on
the fragment species, in spite of the complicated polyatomic
system.
In this study, we systematically examine TOF profiles of
fragment ions for Mg+–XCH3 X=F, Cl, Br, and I and dis-
cuss the product energy distributions as well as the angular
distributions to get further information on the photodissocia-
tion dynamics of these complexes. Observed TOF profiles
were simulated to determine anisotropy parameter  and ki-
netic energy release distribution KERD for each fragmen-
tation process. The  values thus obtained were discussed
from the geometry parameters and classical rotational peri-
ods of parent complexes. KERDs of the fragmentation pro-
cesses were compared with predictions using a statistical
prior distribution and a nonstatistical impulsive model.
II. EXPERIMENT
Details of the experimental setup were already reported
elsewhere21 and also they were partly shown in the preceding
paper,19 so we describe here mostly the apparatus concerning
the TOF profile measurement of photofragments as a func-
tion of polarization direction of the photolysis laser. In the
present experiment, we used a three-stage, differentially
evacuated chamber containing a metal-molecule cluster
source and a homemade reflectron TOF mass spectrometer.
The ion complexes of Mg+–XCH3 X=F, Cl, Br, and I,
produced by a pickup method22,23 using laser vaporization
and pulsed supersonic expansion, were accelerated to about
1 keV by pulsed electric fields, followed by mass selection
with a pulsed mass gate in the first drift region of the reflec-
tron. Before the ions reached the deceleration and reflection
electrodes, they were irradiated with a pulsed laser beam
traveling at right angles to the direction of the ion beam’s
propagation. The remaining parent and photofragment ions
were separated in the reflection region and in the second drift
region of the apparatus, and were detected by a dual micro-
channel plate MCP, Hamamatsu, F1552-21S.
The third or fourth harmonic of a Nd:YAG yttrium alu-
minum garnet laser Spectra Physics, GCR-150-10 or the
second harmonic of a dye laser Spectra Physics, PDL-2 and
Inrad, Autotracker III pumped by the Nd:YAG laser was
used as the photolysis laser. All of these photolysis lasers
were linearly polarized, in which the polarization direction
E was rotated with respect to the ion beam direction Z
using a  /2 plate at 266 nm CVI, QWPO, or by a Babinet-
Soleil compensator Shimadzu at other wavelengths. The
polarization of the light was further purified using a Glan-
laser polarizer prism Sigma, GLP placed just outside of the
inlet window of the photolysis laser.
In a typical condition for obtaining TOF mass spectra,
electric fields applied to the ion deceleration and reflection
electrodes in the reflectron mass spectrometer were opti-
Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject tomized to achieve the best mass resolution energy
focusing.24 However, in the present measurement, we inten-
tionally selected a defocused condition in order to achieve
greater sensitivity in terms of the fragment recoil energy dis-
tribution and angular distribution. In principle, we obtained
such conditions when the voltages of the deceleration and
reflection electrodes were set at a lower and a higher value,
respectively, than those at the best focusing voltages. Be-
cause the defocusing condition depends on the mass of the
fragment ion, we searched the defocusing conditions for each
fragment ion by changing a wide range of applied voltages to
the deceleration and the reflection electrodes. The hitting po-
sition on MCP depending on fragment-ion mass was always
checked by comparing the area intensity of the detected ions
between the two laser polarization conditions, E Z and
EZ, in order to detect all of the given fragment ions. Al-
though the best reflection voltage conditions were deter-
mined almost by trial and error, we confirmed that the trans-
lational energy separation of fragment ions was achieved by
monitoring the TOF profile of the known Ar+ fragment ion
produced by a photodissociation of Ar3
+
.
25–27 Typical Ar+
TOF profiles from Ar3
+ at 532 nm are shown for the two
limiting cases, E Z and EZ, in Fig. 1. Three separated
peaks of Ar+ fragments which were formed by a parallel
transition of linear Ar3
+ ion were observed for both vector
conditions as reported previously;25 transition moment vector
 is parallel to the Ar3
+ principal axis. The centered peak
corresponds to the ion formed from Ar3
+ in which positive
charge was localized on the central atom whereas the other
two peaks correspond to the signals of Ar+ from Ar3
+ having
positive charge at the outer atoms.25 In this figure, the inten-
sity of the centered peak with respect to those of the other
two peaks was found to be higher for E Z than for EZ.
The relative intensity of these peaks is quite different from
the reported TOF profile of Ar+ from Ar3
+
.
25–27 This differ-
ence is due to the fact that the dissociation reaction releases
the excess energy as kinetic energy so much that 80% of
the Ar+ fragment hits outside of the present MCP detector
27 mm effective diameter in the EZ condition.
FIG. 1. TOF profiles of Ar+ fragment ion at a 532 nm photolysis of Ar3+
obtained under a typical defocused reflection condition with E Z and EZ.In general, the TOF profiles obtained for fragment ions
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dynamics, the KERD and the angular distribution of the pho-
tofragments. We determined the fragment angular distribu-
tion for each process by simulations using a forward convo-
lution method. In this analysis, the TOF profile Ft is first
transformed into a velocity distribution along the Z direction
Fobsvz. This distribution has a form composed of a KERD
term and an angular distribution term of the photofragment.
Although the real form of KERD is unknown, we assumed
here that velocity distribution has a statistical form of modi-
fied Maxwell-Boltzmann distribution,
fvdv Nv2 exp− m2kBT v − v f2	dv , 1
where m and v f are mass and the most probable value of
fragment-ion velocity, N and kB are normalization constant
and Boltzmann constant, respectively, and T is temperature.
This distribution has the same form as the shifted Maxwell-
ian velocity distribution used in the evaluation of velocity
distribution in a molecular beam.28
The angular distribution I has the form6–8
I =
1
4
1 + P2cos  , 2
in which  is the angle between the transition moment vector
 of the parent complex and E as shown in Fig. 2a,  is an
anisotropy parameter, and P2cos  is the second Legendre
polynomial in cos . The  parameter can be classically ex-
pressed by angular velocity , average lifetime , and angle
between the transition dipole moment and the dissociating
bond axis, , shown in Fig. 2a,29
 = 2
 1 + 221 + 422P2cos  . 3
Therefore,  is determined by both geometry and rotational
motion of the parent complex. In the present experiment, it is
convenient to transform I in Eq. 2 into a distribution
function I , as a function of the angles  and  in
which  is an angle of fragment recoil direction with respect
to Z and  is an angle between E and Z as shown in Fig.
2,30,31
FIG. 2. Schematic views of angles drawn by a diatomic molecule as a model
of the complex Mg+–XCH3 in the a molecular frame and b laboratory
frame coordinates.  is angle between the transition moment vector  of the
parent complex and E,  is angle between  and the dissociating bond axis,
 is an angle of fragment recoil direction with respect to Z, and  is an
angle between E and Z.2b. Then we obtain the distribution
Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject toI, = 1/21 + P2cos P2cos  . 4
In practice, the factor sin  of the volume element must be
multiplied by the above function. In the simulation, we de-
termined the  parameter by fitting the theoretical velocity
distribution function Fsimvz with the Fobsvz, where
Fsimvz is obtained by the integration of KERD and angular
distribution function with respect to both v and ,
FsimvZ = 
0
	
0

I,
 fvsin ddv . 5
In this equation, the angle  is 0 for E Z and  /2 for EZ.
The experimentally obtained distribution Fobsvz also con-
tains intrinsic widths of the present setup and conditions,
which are difficult to estimate. Such instrumental function of
our apparatus was also included in the fv distribution in the
simulation. The  values thus determined have errors of less
than ±0.10 because of the present multiparameter fittings.
III. THEORETICAL CALCULATION
We used a density functional theory DFT program of
the GAUSSIAN 98 package32 with the B3LYP functional33 for
geometry optimizations of the parent and several fragment
ions. Natural population analysis34 was also performed to
estimate the charge distribution in the parent ions. Potential
FIG. 3. a Left: Energy diagram of Mg+–ICH3 complex along with sche-
matic drawing of molecular orbitals corresponding to the excited states
originating from Mg+2P states, where the molecular frame coordinate
shown in b is used to describe the orientation of 3p orbitals in the com-
plex. Right: Potential energy curves of ground and excited states along the
Mg–I bond length by CIS/DFT calculation and energy levels of the frag-
mentation pathways. Potential curves are drawn so as to correlate with the
molecular orbital picture at long range, although curve crossings are avoided
adiabatically between the states with the same symmetry. Dotted curves are
the excited states with CT nature correlated with Mg+ICH3+. b Schematic
views of optimized structures of Mg+–XCH3 X=Cl, Br, and I and
Mg+–FCH3.energy curves of the ground and excited states were also
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interest, by using configuration interaction singles CIS
approach.35 The 6-311Gd Br and I atoms and the 6-31
+Gd basis sets other atoms were utilized in all calcula-
tions.
IV. RESULTS
A. Excited state characteristics
First of all, the main features of spectroscopic studies on
Mg+–XCH3 X=F, Cl, Br, and I complexes described in the
preceding paper19 are summarized as follows: a Three ab-
sorption bands were observed at the red bands I and II and
blue band III sides of free Mg+ 2P← 2S transition in the
photodissociation spectra. Figure 3a shows an example of
potential energy curves and schematic drawing of molecular
orbitals for Mg+–ICH3. From the comparison between the
observed absorption bands and excitation energies calculated
with CIS approach,35 these three bands I, II, and III were
found to have characters of electron excitation from Mg+ 3s
to 3px, 3py, and 3pz, respectively, as shown in Fig. 3a,
where a molecule-fixed coordinate shown in Fig. 3b is used
to describe the orientation of 3p orbitals. b The ground
state of Mg+–XCH3 parent ions X=Cl, Br, and I have bent
structures with Cs symmetry in which Mg–X–C angles are
less than 120°, whereas Mg+–FCH3 has a geometry of C3v
symmetry with Mg–F–C angle of 180° Fig. 3b. The
positive charge in the ground state complexes was calculated
to be predominantly localized on the Mg atom for all halo-
gen atom systems from natural population analysis. c Sev-
eral kinds of fragment ions were produced, including inter-
molecular bond breaking evaporation, chemical bond
breaking intracluster reaction, and CT, after one photon ab-
sorption as shown in the following equations:
Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject toMg+ – XCH3
→Mg+ + XCH3
evaporation, all systems,
→XCH3+ + Mg
evaporation and CT, X = Cl, Br, and I,
→MgX+ + CH3
reaction, all systems,
→MgCH3+ + X
reaction, X = Cl and Br,
→CH3+ + MgX
CT and reaction, all systems,
→X+ + MgCH3
CT and reaction, X = 1.
Here we identified the neutral counterparts from the ener-
getic point of view, based on theoretical calculations. d In
the analysis of excited state potential energy curves along the
Mg–X bond distance as shown in Fig. 3a, dissociation re-
action including CT was presumed to proceed predissocia-
tively; potential curve crossings between the initially excited
states and repulsive CT states would have a crucial role in
the formation of CH3
+
, XCH3
+
, and X+. Especially, XCH3
+ ions
were produced from the repulsive CT states corresponding to
the electron excitation from np orbital of halogen atom to 3s
orbital of Mg+.
B. TOF profiles of fragment ions
1. Mg+–ICH3 complex
Figure 4 shows TOF profiles of fragment ions from
Mg+–ICH3 obtained by irradiation with a laser whose polar-
FIG. 4. TOF profiles, Ft, of the frag-
ment ions from Mg+–ICH3 with E Z
and EZ. a photolysis at 266 nm;
b photolysis at 355 nm. c and d
are the expanded figures of a and b
in the region of ICH3+ and MgI+ frag-
ments, respectively.ization vector E was parallel and perpendicular to Z. With
 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
094310-5 Photodissociation of Mg+–XCH3. II. J. Chem. Phys. 125, 094310 2006266 nm 4.66 eV excitation to band III Figs. 4a and 4c,
clear spatial anisotropy was observed for the ICH3
+ and MgI+
fragment ions, whereas the profiles of the other fragments,
Mg+ and I+, were almost independent of the direction of E.
Furthermore, the anisotropy was quite different between
ICH3
+ and MgI+; the TOF profile of ICH3
+ fragment has split
peaks under E Z condition, whereas that of MgI+ is split
with EZ. These results indicate that the ICH3
+ and MgI+
fragments preferentially recoil parallel to the Z direction
when E is set parallel to Z and perpendicular to Z, respec-
tively. For 355 nm 3.49 eV excitation to the overlapped
region of bands I and II Figs. 4b and 4d, the ICH3
+
fragment has an anisotropy in which there is a tendency to
recoil parallel to the Z direction when EZ. This propensity
is perpendicular to the TOF profile of the same fragment
obtained after 266 nm excitation. By contrast, the MgI+ frag-
ment shows no apparent anisotropy, whereas the profile has
at least two velocity components, slow and fast, along the Z
axis.
The TOF profiles of fragment ions were simulated by the
procedure described in Sec. II, in which the angle  between
E and Z was set to be 0 E Z or  /2 EZ. The simu-
lated results are shown in Fig. 5 for ICH3+ and MgI+ along
with the observed profiles which were converted into veloc-
ity distribution functions along the laboratory frame Z direc-
tion, FobsvZ. Anisotropy parameters  were determined to
be +1.30 and −0.50 for ICH3+ and MgI+, respectively, by
fitting the simulated velocity distribution function FsimvZ
with the observed one, FobsvZ. In the present simulation of
TOF profiles, a velocity distribution with the form of Eq. 1
was also determined in addition to the angular distribution.
FIG. 5. Velocity distributions along the laboratory frame Z direction,
FobsvZ and FsimvZ, for a ICH3+ and b MgI+ fragments from Mg+–ICH3
at photolysis wavelength of 266 nm. Open  and gray solid circles 
are experimentally obtained FobsvZ with E Z =0 and with EZ 
= /2 conditions, respectively. Gray and black solid curves show the simu-
lated FsimvZ with =0 and  /2, respectively.The obtained velocity distributions, fv, were transformed
Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject tointo the KERD, fEt, by the following equation deduced
from the energy and linear momentum conservation:
Et =
mp
mn
Ef =
mp
mn

12mfv2 , 6
in which Et and Ef are the total translational energy release
and translational energy of fragment ion, and mp, mn, and mf
are masses of a parent ion, a neutral counterpart, and a frag-
ment ion, respectively. Figure 6 shows KERDs for the for-
mation of ICH3
+ and MgI+ fragment ions. The available en-
ergy Eavl and the total translational energy release with the
highest probability, Et
*
, are also shown in the figure. The Et
*
values determined for ICH3
+ and MgI+ ions were 0.76 and
1.37 eV, respectively. The Eavl energy was estimated by the
difference between a photon energy, h, and an appearance
energy of the fragment ion, Eap,
Eav1 = h − Eap, 7
in which Eap was defined as an energy required to produce a
fragment ion and a neutral counterpart from the parent
Mg+–XCH3 ion. For 266 nm excitation, the photon energy
was 4.66 eV, and Eap for ICH3
+ and MgI+ ions were calcu-
lated to be 3.01 and 1.27 eV, respectively, as shown in Table
III of Ref. 19. The Eavl values were then estimated to be 1.65
and 3.39 eV for ICH3
+ and MgI+, respectively. Therefore,
46% and 40% of the available energies were found to be
released into the translational energy of photofragments. The
fitted parameters , v f, T, and Et
* values thus obtained, and
the ratio Et
* /Eavl are summarized in Table I along with Eavl
FIG. 6. KERDs of a ICH3+ and b MgI+ fragments from Mg+–ICH3 at
photolysis wavelength of 266 nm. Et* and Eavl are the most probable value of
KERD and the available energy estimated from Eq. 7, respectively.estimated by Eq. 7.
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Figure 7 shows TOF profiles of fragment ions obtained
by the photodissociation of Mg+–XCH3 X=Br and Cl com-
plexes at dissociation wavelengths of 266 and 355 nm. For
the bromide complex, the BrCH3
+ fragment ion at band III
266 nm excitation shows clear spatial anisotropy with the
same behavior of ICH3
+; the TOF profile of this ion has a
doublet feature under the condition of E Z Fig. 7a. For
355 nm excitation bands I and II, no signal of BrCH3+ ion
was observed in the mass spectra Fig. 7b because of the
insufficient photon energy 3.49 eV to produce this ion Eap
of BrCH3
+ is 3.74 eV as described in the preceding paper.19
The TOF profile was also simulated for BrCH3
+ in the same
manner described above, and the velocity distribution func-
tions along the Z axis, FsimvZ, and KERD, fEt, were
obtained as shown in Fig. 8. As a result, the  value was
determined to be +0.74 and 21% of excess energy was found
to be transferred into translational energy. For the chloride
complex, although the TOF profile of CH3
+ fragment at
266 nm excitation changed with the polarization direction of
dissociation laser to some extent, it did not show clear an-
isotropy like iodide and bromide systems Fig. 7c; the
TOF profile of CH3
+ showed a broad feature when polariza-
tion vector E of dissociation laser was set to be parallel to Z.
TABLE I. The fitting parameters ,  f, and T and thu
calculated from Eq. 3 with =0 for each fragmen
Parent ion Fragmentation 
Mg+–ICH3 → Mg+ICH3+ 1.30
→ MgI++CH3 −0.50
Mg+–BrCH3 → Mg+BrCH3+ 0.74
Mg+–FCH3 → CH3++MgF 0.75
→ MgF++CH3 0.75
FIG. 7. TOF profiles, Ft, of the fragment ions from a and b Mg+–Br
at 266 nm; b and d photolysis at 355 nm.
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In the photodissociation spectra of Mg+–FCH3, two ab-
sorption bands were observed peaking at 266 nm band III
and 320 nm bands I and II because of degeneracy of the
lower two excited states due to a symmetric top geometry of
the ion.19 Therefore, we measured TOF profiles of fragment
ions at these photolysis wavelengths as shown in Fig. 9. In
Fig. 9a, TOF profiles of CH3
+ and MgF+ fragments pro-
duced by dissociation at 266 nm show spatial anisotropy,
where TOF profiles of both fragment ions have split peaks
under the E Z condition. From the simulation of TOF pro-
files, both  values for CH3
+ and MgF+ were determined to
be +0.75 as shown in Fig. 10. The KERDs of these ions are
also shown in Figs. 10b and 10d, and about 16% of the
available energy was released into translational energy for
both fragment ions. With 320 nm excitation corresponding to
the dissociation at bands I and II, all fragment ions CH3
+
,
Mg+, and MgF+ have isotropic distributions Fig. 9b.
V. DISSOCIATION MECHANISM
A. Photodissociation of Mg+–ICH3 at 266 nm„Mg+ 3pz]3s…
Most of the fragment TOF profiles from all four com-
plexes obtained in this study can be explained qualitatively
ained values of Et
*
, Eavl, and ratio of Et
* /Eavl, and 0
pathway having spatial anisotropy.
 f
s−1
T
K
Et
*
eV
Eavl
eV
Et
* /Eavl
% 0
60 90 0.76 1.65 46 +2.0
70 100 1.37 3.39 40 −0.83
30 240 0.19 0.92 21 +2.0
50 1450 0.18 1.13 16 +2.0
50 750 0.47 2.88 16 +2.0
nd c and d Mg+–ClCH3 with E Z and EZ. a and c Photolysiss obt
tation
m
3
3
1
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ized on Mg+, 2 the dissociation is rapid in comparison with
the rotational period of the parent complex, and 3 each
parent complex has the characteristic geometry.20 For
Mg+–ICH3, the most probable relationships among vectors
of v, , E, and Z are shown schematically in Fig. 11. The
excited state formed by irradiation with 266 nm light corre-
sponds to the electron excitation of the Mg+ 3s to 3pz band
FIG. 8. a Velocity distribution along the laboratory frame Z direction,
FobsvZ and FsimvZ, for BrCH3+ fragment ion from Mg+–BrCH3 at pho-
tolysis wavelength of 266 nm. Open  and gray solid circles  are
FobsvZ obtained with E Z =0 and with EZ = /2 conditions,
respectively. Gray and black solid curves show FsimvZ with =0 and  /2,
respectively. b KERD of BrCH3+ fragment ion from Mg+–BrCH3 at pho-
tolysis wavelength of 266 nm. Et* and Eavl are the most probable value of
KERD and the available energy estimated from Eq. 7, respectively.
FIG. 9. TOF profiles, Ft, of the fragment ions from Mg+–FCH3 with E Z
and EZ. a Photolysis at 266 nm; b photolysis at 320 nm.
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parallel to the Mg–I bond axis, under the assumption that the
excitation is purely localized on Mg+. This assumption of the
 directions for transitions to the lowest three excited states
was confirmed from the results of CIS calculation. In other
words, the transition moment vectors in these excitations
corresponding to bands I, II, and III have directions along the
x, y, and z axes in Fig. 3b, respectively. Thus the excited
Mg+–ICH3 complex formed after absorption of a 266 nm
photon has a spatial alignment distribution in which the
Mg–I axis is most likely to be parallel with E, as shown in
Fig. 11. Then supposing that the dissociation rapidly pro-
ceeds after excitation, the ICH3
+ fragment ion, formed by
dissociation of the Mg–I bond, tends to have a recoil velocity
v parallel to Z under the condition of E Z Fig. 11a. From
the potential curves obtained by CIS calculations mentioned
in Sec. IV A, feature d, the ICH3
+ fragment is formed pre-
dissociatively via repulsive CT states from the initially ex-
cited state. Therefore, here we assumed that the excited com-
plex reaches the repulsive part of the potentials much more
rapidly than the rotational motion. Under the assumption that
the dissociation forming MgI+ is in a similar manner also
rapid via some repulsive states, the MgI+ fragment ion has a
propensity to have a velocity almost parallel to Z when
EZ as a result of C–I bond rupture Fig. 11b. This dif-
ference in recoil direction between ICH3
+ and MgI+ comes
from the bent geometry of the parent complex Fig. 3b.
The TOF profiles of other fragment ions such as I+ and
Mg+ show no indication of recoil anisotropy with either ex-
citation at 266 or at 355 nm Fig. 4. This observation is
consistent with the above discussion. It is difficult to imagine
a mechanism of I+ fragmentation from the geometry shown
in Fig. 3b; both of the two bonds, Mg–I and I–C, must be
dissociated to form this fragment ion. Because of this com-
plicated cleavage processes, the recoil direction of the I+
fragment is expected to become unclear, and thus the recoil
velocity and the recoil anisotropy of I+ may be much smaller
than those for ICH3
+ and MgI+. In the formation of Mg+, it
could be expected that this dissociation occurs from the
highly excited vibrational levels of the ground electronic
state following internal conversion from the initially excited
states as already discussed in a photodissociation study of
Mg+-water clusters.36 This is because the excited state poten-
tial energy curves correlated with Mg+2P+ICH3, which are
the initially photoexcited states, are all bound with respect to
the Mg–I coordinate as shown in Fig. 3a. The dissociation
lifetime is probably so long that the memory of initial align-
ment diminishes completely, and therefore, the isotropic an-
gular distribution is observed for the Mg+ recoil direction. In
addition, we ruled out the possibility that the Mg+ ion was
produced by a direct dissociation process, in which an aniso-
tropic distribution should be observed under the condition of
E Z as well as in the ICH3
+ formation, from the energy con-
sideration; excitation energy of more than 5.44 eV is neces-
sary to proceed the direct dissociation reaction to form
Mg+*2P, Mg+–ICH3→Mg+*2P+ICH3, which is much
higher than the photon energy of 4.66 eV 266 nm even at
the highest band, band III.
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The above argument can also be applied to the explana-
tion of the fragment-ion TOF profiles obtained by 355 nm
3.49 eV excitation shown in Figs. 4b and 4d. The
355 nm excitation corresponds to transitions to the over-
lapped region of bands I and II as noted in the preceding
paper,19 and thus the fragment ions were formed after tran-
FIG. 11. Schematic drawing of the relationships among vectors v, , E, and
Z for Mg+–ICH3 at 266 nm excitation band III, Mg+ 3s to 3pz. a ICH3+
 +formation with E Z condition; b MgI formation with EZ condition.
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3py. Transition moment vectors of these excitations have di-
rections corresponding to the x and y axes shown in Fig.
3b, both of which are perpendicular to the Mg–I bond axis.
In both transitions, the Mg–I bond axis has a propensity to be
parallel to Z when EZ, and thus the ICH3
+ fragment has a
kinetic energy along the ion beam direction Figs. 12a and
12c. For MgI+ fragment ion, the recoil velocity component
along Z becomes large under E Z condition in the excitation
to band I, whereas it is large with EZ in the excitation to
band II, from the same arguments as noted above Figs.
12b and 12d. The overall TOF profile of MgI+ under
E Z condition is therefore similar to that with EZ, be-
cause both components are included in these conditions.
However, there is still another possibility that the dissocia-
tion time for MgI+ formation is so long with respect to the
rotational period of the parent ion that the memory of the
anisotropy was lost with 355 nm excitation. Although we
tried to measure TOF profiles of fragment ions produced by
other excitation wavelengths for bands I and II in order to
elucidate this issue, reliable results were not so far obtained,
probably due to insufficient fluence of the photolysis laser at
other wavelengths.
C. Photodissociation of Mg+–BrCH3 and Mg+–ClCH3
Among the TOF profiles for Br and Cl systems, the
BrCH3
+ ion produced by 266 nm excitation shows the same
anisotropic angular distribution as ICH3
+ from Mg+–ICH3 at
this photolysis wavelength. At the 266 nm excitation to band
III 3pz←3s,  is parallel to the Mg–Br bond axis within
the assumption that the excitation is localized on Mg+ as
already described in the Mg+–ICH3 system. The BrCH3
+
fragment ion then has a propensity to have a recoil velocity
parallel to Z under the condition of E Z as a result of the
Mg–Br bond rupture which is the same process as the ICH3
+
formation shown in Fig. 11a. For Mg+–ClCH3 system, an-
isotropic distribution was not observed in a TOF profile of
+ +
FIG. 10. a and c Velocity distri-
bution along the laboratory frame Z
direction, FobsvZ and FsimvZ, for
CH3+ and MgF+ fragment ions from
Mg+–FCH3 at photolysis wavelength
of 266 nm. Open  and gray solid
circles  are FobsvZ obtained with
E Z =0 and with EZ 
= /2 conditions, respectively. Gray
and black solid curves show FsimvZ
with =0 and  /2, respectively. b
and d KERDs of CH3+ and MgF+
fragment ions from Mg+–FCH3 at
photolysis wavelength of 266 nm. Et*
and Eavl are the most probable value of
KERD and the available energy esti-
mated from Eq. 7, respectively.ClCH3, which is the same kind of species as ICH3 and
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+
. The lack of anisotropy in the ClCH3
+ formation is
discussed below in Sec. VI B from viewpoints of the large
appearance energy, short rotational periods of the parent
complex, and the potential energy curves.
D. Photodissociation of Mg+–FCH3
For Mg+–FCH3 complex, fragment ions of CH3
+ and
MgF+ produced by 266 nm photoexcitation show clear an-
isotropy as shown in Fig. 9. Both fragment ions show similar
features, that is, TOF profiles of these ions have double
peaks under the condition of E Z. It should be noted that the
TOF profile of MgF+ is completely opposite to that of MgI+
which has double peaks with EZ as shown in Figs. 4a
and 4c. This tendency can be explained for the symmetric
top complex, Mg+–FCH3, by the same discussion applied in
the above sections to the other Mg+–XCH3 ions with bent
geometries. For 266 nm excitation,  of 3pz←3s excitation
has a direction parallel to the Mg–F bond axis. The parent
complex after photoexcitation then has spatially aligned dis-
tribution in which the Mg–F bond axis becomes parallel to Z
when the vector E is set parallel to Z as shown in Fig. 13. As
a result of the C–F bond dissociation, fragment ions of CH3
+
and MgF+ were recoiled parallel to the Z direction.
VI. PRODUCT ANGULAR DISTRIBUTION
A. Photodissociation of Mg+–ICH3 at 266 nm„Mg+ 3pz]3s…
The anisotropy parameters  determined by simulations
of TOF profiles were +1.30 for ICH3
+ and −0.50 for MgI+
with 266 nm excitation as noted in Sec. IV B. These values
have the same propensities as the parallel and perpendicular
transitions, which are mainly applied to diatomic molecules.
The observation of large  values in such a polyatomic spe-
cies is due to the fact that the transition is almost localized
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dipole moment . In addition, the clear spatial anisotropy
that appears in the TOF profiles of fragment ions shows rapid
dissociation compared with rotational periods of the parent
complex; dissociation occurs rapidly before the memory of
spatial alignment induced by a photoexcitation diminishes
due to the rotation of the parent ion. Assuming the rapid
dissociation, we can define the limit of anisotropy parameter
0 with =0 in Eq. 3. Thus, the 0 values are determined
by only the parameter  which is an angle defined by the
geometry of the parent ion and  as shown in Fig. 2a.
From this approximation, 0 was calculated to be +2.0 for
the ICH3
+ formation and −0.83 for the MgI+ formation.
FIG. 12. Schematic drawing of the re-
lationships among vectors v, , E,
and Z for Mg+–ICH3 at 355 nm exci-
tation bands I and II, Mg+ 3s to 3px,
3py. The ICH3+ formation at a band I
3s to 3px with EZ condition and
c band II 3s to 3py with EZ con-
dition. The MgI+ formation at b band
I 3s to 3px with E Z condition and
d band II 3s to 3py with EZ
condition.
FIG. 13. Schematic drawing of the relationships among vectors v, , E, and
Z for Mg+–FCH3 at 266 nm excitation band III, Mg+ 3s to 3pz. a CH3+
+ formation and b MgF formation with E Z condition.
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ICH3
+ and −0.50 for MgI+ are 65% and 60% of the 0 val-
ues, respectively. These differences between  and 0 corre-
spond to the effect of rotation of the parent complex. The
rotation angle  in Eq. 3 was also determined by the
experimentally obtained  values and angles , and thus, we
obtained the  of 30° for both ICH3
+ and MgI+ forma-
tions.
Next, we compare the  values thus determined from
experiment with the predicted values by considering a clas-
sical rotational motion equilibrated at room temperature. In
the classical mechanics, rotational period Trot and rotational
energy Erot of rigid rotor are written as
Trot =
2

, 8
Erot =
1
2 I
2
. 9
The symbol I in Eq. 9 is a moment of inertia written as I
=h /82B, where h and B are Planck constant and rotational
constant of the parent complex, respectively. In the statistical
treatment, the mean rotational energy is kBT /2 for each ro-
tational axis. Therefore, the rotational period can be esti-
mated by Eqs. 8 and 9 at a certain temperature T. Classi-
cal rotational periods at T=300 K are shown in Table II, in
which A, B, and C are the rotation axes shown in Fig. 14. In
this table, classical rotational periods of parent ions are sev-
eral picoseconds. On the other hand, the relative velocity
between two fragments vr
* was roughly estimated from the
translational energy with a maximum probability in the
KERD, Et
*
, mentioned in Sec. IV B. For ICH3
+ formation, vr
*
is calculated to be 2.67
103 m/s from the Et
* value of
0.76 eV Table I and by the equation
vr
*
=2Et*
 f ,n
, 10
in which  f ,n is a reduced mass of fragment ion and a neutral
counterpart. Considering motion with constant acceleration
under the condition from initial velocity of v=0 to this ve-
*
TABLE II. Rotational constants and classical rotational periods of parent
complexes at T=300 K.
X Rotational constant MHz Rotational period ps
I A 8 233 3.1
B 2 532 5.6
C 1 961 6.4
Br A 11 842 2.6
B 2 946 5.2
C 2 396 5.8
Cl A 20 844 2.0
B 3 275 4.9
C 2 844 5.8
F A 151 453 0.7
BC 4 117 4.4locity vr , it takes 0.15 ps to increase the distance between the
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+ fragments by 2 Å from the equilibrium dis-
tance, that is, RMg–I=2 Å. Here the increment of internu-
clear distance RMg–I, RMg–I, is selected to be 2 Å because
dissociation of Mg–I bond is probably completed at RMg–I
5 Å RMg–I2 Å, where repulsive CT states are almost
flat as shown in Fig. 3a. This dissociation time tdis of
0.15 ps is at least ten times shorter than the rotational periods
shown in Table II. The rotation angles around the A, B, and C
axes during tdis were calculated to be 17°, 10°, and 8°, re-
spectively, as shown in Table III. Here the rotation around
the A axis hardly affects the angular distribution of the ICH3
+
fragment ion, because this axis is almost parallel to the Mg-I
bond. The effect of rotational motion on the angular distri-
bution is expected to be smaller for MgI+ formation than for
FIG. 14. Rotational axes of a Mg+–XCH3 X=Cl, Br, and I and b
Mg+–FCH3.
TABLE III. The relative velocities r
*, dissociation times tdis, and rota-
tional angles at T=300 K.
Parent ion Fragmentation
r
*
103 ms−1
tdis
ps
Rotational angle
deg
Mg+–ICH3 → Mg+ICH3+ 2.67 0.15 A 17
B 10
C 8
Mg+–ICH3 → MgI++CH3 4.40 0.09 A 10
B 6
C 5
Mg+–BrCH3 → Mg+BrCH3+ 1.64 0.24 A 34
B 17
C 15
Mg+–FCH3 → CH3++MgF 1.77 0.23 A 112
B 18
Mg+–FCH3 → MgF++CH3 2.86 0.14 A 69
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+ because the relative velocity for MgI+, vr
*
=4.40

103 m/s, was larger than that for ICH3
+
. Anyway several
degrees are expected as rotation angles between excitation
and dissociation as shown in Table III. Although these esti-
mations are consistent with the experimental results semi-
quantitatively, they are slightly smaller than  30°  cal-
culated from experimental  values. This difference may be
caused by a possibility that the actual temperature in a clus-
ter beam is higher than 300 K, and also caused by neglecting
the lifetime of the potential switch from initially excited state
arising from 3pz orbital to repulsive CT states correspond-
ing to electron excitation from I 5p to Mg+ 3s mentioned in
Sec. IV A, feature d.
B. Photodissociation of Mg+–BrCH3 and Mg+–ClCH3
The anisotropy parameter for BrCH3
+ formation was de-
termined to be +0.74 from the observed TOF profile, which
is smaller than that for ICH3
+ formation. In the rapid disso-
ciation limit, the 0 value estimated by Eq. 3 with =0 is
+2.0 for the formation of both ions, BrCH3
+ and ICH3
+
. In
general, absolute values of  become smaller as the lifetime
of the excited state increases or rotational period of the par-
ent complex decreases if the geometrical factor is the same.
Therefore this difference might be caused by the lifetime of
the excited states and/or the rotation of the parent complex.
The rotational periods of Mg+–BrCH3 are shorter than that
of Mg+–ICH3 in all motions as shown in Table II. In par-
ticular, rotation angles of B and C axes are 17° and 15°
which are about two times larger than those of ICH3
+ dis-
cussed in Sec. VI A. Therefore, the anisotropy parameter for
BrCH3
+ formation shows a smaller value compared with that
for ICH3
+ formation, probably due to the rotational period
difference of the parent complexes, although the lifetime of
the excited state, of course, has also some effect on the an-
isotropy parameter. In the potential energy curves along
Mg–X bond axis, repulsive CT states Mg+ 3s←X np char-
acter were calculated to lie near initially excited states
Mg+ 3p←3s character for X=Br and I.19 From the CIS
results on the equilibrium structures in the ground state,
these CT states are predicted to be 1.0 and 1.8 eV higher
in energy than the third 3pz excited states for X=I and Br,
respectively. The real potential energy curves of these CT
states should be lower in energy than the curves shown in
Figs. 8 and 9 in Ref. 19, because these potential energy
curves were calculated by changing only the Mg–X bond
distance from the equilibrium structures in the ground states
without optimization of any other parameters. Thus, these
CT states would have crossings with the initially excited
states because these states are correlated with the Mg
+XCH3
+ dissociation limit, which has lower energy than
Mg+2P+XCH3. From the comparison between X=Br and I,
energy barriers at this crossing point are expected to be
higher for Mg+–BrCH3 than for Mg+–ICH3. Therefore, the
lifetime of the dissociation to form BrCH3
+ BrCH3+ may be
longer than that of the ICH3
+ formation ICH3+, which is
qualitatively consistent with the discussion on the anisotropy
parameter noted above.
+For Mg –ClCH3 system, rotational periods of the com-
Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject toplex are shorter than those of Mg+–ICH3 and Mg+–BrCH3
complexes. In addition, Eap of ClCH3
+ is 4.28 eV which is
higher than those of ICH3
+ 3.01 eV and BrCH3
+ 3.74 eV.
Therefore, Eavl of the ClCH3
+ formation 0.38 eV is much
lower than those of ICH3
+ 1.65 eV and BrCH3+ 0.92 eV.
Furthermore, CT states with Mg+ 3s←Cl 3p character,
which are responsible for the formation of the ion, lie in
relatively higher energy region above 6 eV than the corre-
sponding CT states for X=I and Br systems.19 Based on the
considerations concerning the appearance energy and the ex-
cited CT states, it is easily expected that ClCH3+ is longer than
ICH3
+ and BrCH3+. Therefore, an isotropic distribution ob-
served in the TOF profiles of the ClCH3
+ fragment ion could
be explained by such a dynamical consideration.
C. Photodissociation of Mg+–FCH3
The anisotropy parameters of CH3
+ and MgF+ ions were
both determined to be +0.75 from the simulations of ob-
served TOF profiles. These values are almost comparable to
the  parameter of BrCH3
+ and smaller than that of ICH3
+
.
The rotation angles during tdis around the B and C axes Fig.
14b were calculated to be 18° for CH3
+ and 11° for MgF+
as shown in Table III. On the contrary, the angles around the
A axis have much larger values of 112° for CH3
+ and 69° for
MgF+. The rotation around the A axis, however, does not
influence the angular distribution of CH3
+ and MgF+ forma-
tions because this axis is completely parallel to C–F bond
which breaks to form these ions. The similarity of rotation
angles around the B and C axes between CH3
+ and MgF+
formations and BrCH3
+ formation is consistent with almost
the same  values for these ions. Concerning with the dis-
cussion on the lifetime of dissociations to form these ions, it
is necessary to calculate potential energy curves along C–F
bond axis. Although potential energy curves along this coor-
dinate are not calculated so far, dissociation limits of MgF+
+CH3 and MgF+CH3
+ are both calculated to have lower en-
ergy than that of Mg+2P+FCH3. Therefore, potential cross-
ings between the excited states responsible for the formation
of these ions and initially excited states may exist in the
potential energy curves along C–F bond axis.
VII. PRODUCT ENERGY DISTRIBUTION
A. Photodissociation of Mg+–ICH3 at 266 nm„Mg+ 3pz]3s…
In the KERDs for ICH3
+ and MgI+, 46% and 40% of the
available energies were found to be released into the trans-
lational energy of photofragments. The product energy dis-
tributions, how the available energy Eavl was partitioned into
translational Et, rotational Erot, and vibrational energies
of a fragment ion and a neutral counterpart Evibf and Evibn  in
average, were then estimated from a statistical and a non-
statistical treatment.
A model of prior distribution, which is the simplest
model only considering the energy conservation law, was
used in the statistical analysis. For canonical prior distribu-
tion at a specific temperature T, we can write an energy
2,37
conservation of Eavl as
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PD + Erot + Evib
f + Evib
n
,
=kBT +
r
2
kBT + 
i=1
sf hi
exphi/kBT − 1
+ 
j=1
sn h j
exph j/kBT − 1
, 11
in which r is the number of product rotational degrees of
freedom, and sf and sn are the number of vibrational modes
of a fragment ion and a neutral counterpart. The parameters
required for evaluation are the product vibrational frequen-
cies, ii=1,2 , . . . ,sf and  jj=1,2 , . . . ,sn, and the total
available energy. Therefore, the kBT value corresponding to
the average translational energy Et
PD was numerically ob-
tained by using Eavl shown in Table I and calculated vibra-
tional frequencies of both the ion and the neutral fragments
were used without any scaling. The estimated Et
PD and T
values are shown in Table IV. The ratios Et
PD/Eavl for ICH3
+
and MgI+ were about 13% and 12%, respectively, much
smaller than the ratios obtained experimentally Table I.
These discrepancies clearly indicate that nonstatistical pro-
cesses govern the dissociation reactions, although it might be
necessary to apply a more reliable model such as phase space
theory than the present simplest model.
The impulsive model was employed as an example of a
nonstatistical limit; it conserves the energy and linear
momentum.1,2,38,39 Let us consider dissociation of a triatomic
molecule A–B–C to form fragments of A and BC. Within
the impulsive model, an atom C is assumed to act as a spec-
tator during dissociation of the A–B bond. Total translational
energy Et
IM, rotational energy Erot
IM, and vibrational energy
Evib
IM of the BC fragment are then written as
Et
IM
=
A,B
A,BC
Eavl, 12
Evib
IM
= Eavl
1 − A,B
A,BC
cos2  , 13
Erot
IM
= Eavl
1 − A,B
A,BC
sin2  , 14
where A,B and A,BC are the reduced masses of A+B and
A+BC systems, respectively, and  is A–B–C bond angle
TABLE IV. The product energy distributions estimated by using the statis-
tical prior distribution.
Parent ion Fragmentation
T
K
Et
PD
eV
Et
PD/Eavl
%
Mg+–ICH3 → Mg+ICH3+ 2390 0.206 13
→ MgI++CH3 4542 0.391 12
Mg+–BrCH3 → Mg+BrCH3+ 1556 0.134 15
Mg+–FCH3 → CH3++MgF 1955 0.168 15
→ MgF++CH3 3988 0.344 12see Appendix for details. From Eq. 12, the ratios between
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were calculated to be 98% for both ICH3
+ and MgI+
fragment-ion formation, as shown in Table V. These were
much larger than the experimentally observed values of 46%
and 40%. Accordingly, it is concluded that the energy dis-
posal of available energy to translational energy obtained in
this study has an almost intermediate value between statisti-
cal and nonstatistical models. However, higher level analysis
may also be necessary to obtain a more reliable simulation
for the nonstatistical model as well as the statistical treatment
mentioned above.
B. Photodissociation of Mg+–BrCH3 at 266 nm„Mg+ 3pz]3s…
For BrCH3
+ formation from Mg+–BrCH3 with a 266 nm
photon, the energy partitioning into translational degrees of
freedom was determined to be 21% which is much smaller
than the value for the corresponding ICH3
+ formation 46%.
The energy disposals estimated by a prior distribution and an
impulsive model were 15% and 96%, respectively, Tables
IV and V. The estimated value from statistical prior distri-
bution is closer to the experimental value than the impulsive
model. Therefore, the formation of BrCH3
+ ion is considered
to be more statistical than that of ICH3
+
, which is consistent
with the consideration of potential energy curves discussed
in Sec. VI B; BrCH3+ is longer than ICH3+.
C. Photodissociation of Mg+–FCH3
In the photofragmentation reactions forming CH3
+ and
MgF+, about 16% of available energy was found to be re-
leased into translational energy in both fragment ions. From
the estimation by using statistical prior distribution shown in
Table IV, 15% and 12% of excess energy were found to be
transferred into translational energy for CH3
+ and MgF+, re-
spectively, and thus the calculated fractions are in good
agreement with the experimental results. By contrast, 75% of
the available energy was predicted to be partitioned into
translational energy for both ions in the analysis using non-
statistical impulsive model Table V, which is much larger
than the experimental values. Therefore, the energy partition
toward product ions of CH3
+ and MgF+ is less nonstatistical
than that of ICH3
+ or MgI+. This feature is also consistent
with the considerations on angular distribution and potential
energy curves mentioned in Sec. VI C. The energy partition-
+ +
TABLE V. The translational energy ratios estimated by the nonstatistical
impulsive model.
Parent ion Fragmentation Et
IM/Eavt %
Mg+–ICH3 → Mg+ICH3+ 98
→ MgI++CH3 98
Mg+–BrCH3 → Mg+BrCH3+ 96
Mg+–FCH3 → CH3++MgF 75
→ MgF++CH3 75ings approach statistical behavior in the CH3 and MgF for-
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the parent complex and higher reaction barriers to form CH3
+
and MgF+ ions.
VIII. CONCLUSION
Photodissociation dynamics of Mg+–XCH3 X=F, Cl,
Br, and I was discussed from the TOF profiles of fragment
ions measured by rotating the polarization direction of pho-
tolysis laser with respect to the ion beam direction. Some of
the fragment ions have been found to show spatial anisotropy
in the TOF profiles obtained with photodissociation at peak
excitation energies. Observed anisotropic distributions in the
TOF profiles can be explained by the following features: 1
local excitation of the Mg+ ion, 2 rapid dissociation in com-
parison with rotational period of a parent complex, and 3
geometrical structure of the parent complex. Anisotropy pa-
rameters  and kinetic energy release distributions of frag-
ment ions were obtained from the fitting of the velocity dis-
tribution, FobsvZ by FsimvZ. As a result of dissociation-
time estimations from the  values and classical rotational
periods of parent complexes, dissociation process from
Mg+–ICH3 was found to be more rapid than those from
other complexes. In the product energy distribution, more
than 40% of available energies were found to be transferred
into translational energies of fragment ions for Mg+–ICH3
system, whereas less than 25% were found to be partitioned
into translational energies for other systems. These values
were compared with the energy distributions estimated by
using a statistical prior distribution and a nonstatistical im-
pulsive model. As a result, it is concluded that nonstatistical
processes were more important in the dissociation of
Mg+–ICH3 than those of other systems. This conclusion im-
plies that the rapid dissociations compared with the rota-
tional period of the parent complex would predominantly
occur in the Mg+–ICH3 system, which is consistent with the
consideration from the potential energy surfaces, that is, the
reaction barrier to form Mg+ICH3
+ is lower than those in
other complexes.
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APPENDIX: IMPULSIVE MODEL
The impulsive model is an epitome of a nonstatistical
limit and is normally used for triatomic molecules or
ions.1,2,38,39 We consider a dissociation of a triatomic mol-
ecule A–B–C with a bond angle of A–B–C= to form an
atom A and a molecule BC. It is assumed that the total avail-
Downloaded 04 Jul 2008 to 130.34.135.158. Redistribution subject toable energy Eavl is initially released into the relative transla-
tional energy of atoms A and B. This means that the atom C
acts as a spectator during a dissociation of the A–B bond.
After the dissociation of the A–B bond, a kinetic energy of
the B atom is partitioned into the translational, vibrational,
and rotational energies of the BC molecule. From the con-
servation of energy and linear momentum, we can write the
following equations:
PA = PB = PBC , A1
Eavl =
PA
2
2MA
+
PB
2
2MB
, A2
Et
IM
=
PA
2
2MA
+
PBC
2
2MBC
, A3
where symbols Pi and Mi i=A, B, and BC are linear mo-
mentums and masses of A, B, and BC, and Et
IM represents the
translational energy. From Eqs. A1–A3, we obtain a ratio
of the translational energy and the total available energy
Et
IM/Eavl,
Et
IM
Eavl
=
MAMB/MA + MB
MAMBC/MA + MBC
=
A,B
A,BC
. A4
The remaining energy, Eavl−Et
IM
, is partitioned into the vi-
brational and rotational energies which depend on the bond
angle of . The initial velocity of the B atom is decomposed
into two components, the parallel and perpendicular compo-
nents to the BC bond. The parallel velocity component con-
tributes to vibrational excitation of the BC molecule,
whereas the perpendicular component causes rotational exci-
tation. Therefore, the vibrational and rotational energies are
written as
Evib
IM
= Eavl
1 − A,B
A,BC
cos2  , A5
Erot
IM
= Eavl
1 − A,B
A,BC
sin2  . A6
In the impulsive model, the energy and linear momentum are
conserved as shown in the above derivation.
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